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MSCs have been

Emergence of a new therapeutic strategy
Feline mesenchymal stem/stromal cells (MSCs) were first isolated and characterized from bone marrow (bMSCs) in 2002, 1 and later readily expanded from fat, 2 and fetal fluids and amniotic membranes. 3 Currently, adipose-derived MSCs (aMSCs) are most commonly used in clinical applications due to ease of attainment and their superior proliferative ability. 2 Feline MSCs meet the minimal defining criteria for multipotent stem cells as published over a decade ago 4 and ongoing research confirms that they also have similar immunomodulatory potency as more recently defined for human MSCs. 5, 6 In addition to culture-expanded MSCs, regenerative medicine therapies include commercially available patientside therapies such as platelet-rich plasma, bone marrow concentrate and the stromal vascular fraction (SVF) of fat.
In cats, published data are focused exclusively on the use of culture-expanded MSCs. SVF has the advantage of a fast turnaround time; however, the product is heterogeneous and includes only small numbers of stem cells relative to a culture-expanded population of aMSCs. Thus, in this review, we discuss the biology, immunology and clinical application of culture-expanded MSCs in cats.
Like all MSCs, feline MSCs have a fibroblast morphology in culture ( Figure 1 ) and they express CD44 and CD105, and variably express CD90 on their surface. 1, 2, 6 MSCs do not express leukocyte antigens (CD18, CD4) or major histocompatibility complex (MHC) II. 1, 2, 6 Functionally in vitro, feline MSCs undergo trilineage differentiation, inhibit activated lymphocyte proliferation, and secrete a variety of mediators capable of modulating immune cell function. 6, 7 Feline MSCs are similar to simian MSCs in that 20-50% of feline MSC lines can be infected by a foamy virus. 8 Feline foamy virus (FFV) is a member of the Retroviridae family, is present in 20-80% of cats and is not associated with a clinical disorder.
9,10 FFV replication in cell lines is associated with syncytial cell formation, decreased proliferation rate and, finally, cell death.
11 MSC lines derived from specific pathogen-free (SPF) cats do not appear to be infected with FFV and may be a source of allogeneic MSCs for clinical application. FFV infection of MSC lines may hinder large-scale expansion of autologous MSCs for therapeutic use in feline patients. 8 To understand how feline MSCs respond to inflammatory stimuli, they have been incubated with allogeneic peripheral blood mononuclear cells (PBMCs) or stimulated with lectins (concanavalin A), interferon gamma (IFNγ), and/or tumor necrosis factor alpha (TNFα). 6, 7 In response to these stimuli, MSCs upregulate gene expression of immunomodulatory mediators including indoleamine 2,3-dioxygenase (IDO)1, programmed death ligand-1, interleukin (IL)-6, cyclooxygenase 2 and hepatocyte growth factor. 7 They also secrete IDO, prostaglandin E2 (PGE2), IL-6, vascular endothelial growth factor, IL-8 and transforming growth factor beta. 6, 7 The inhibition of lymphocyte proliferation depends on both soluble mediators and direct contact between the aMSCs and lymphocytes; however, the actual ligands and mediators have not been determined. 6 In other species, IDO and PGE2 have been implicated in the initiation of lymphocyte cell cycle arrest and/or lymphocyte apoptosis. [21] [22] [23] Feline aMSCs potently inhibit the pro-inflammatory cytokine TNFα in vitro; however, their interaction with IFNγ is more complicated. 6 Feline aMSCs are able to inhibit lymphocyte proliferation and secrete immunomodulatory mediators in the presence of high concentrations of IFNγ. 6 The transcriptome of three feline aMSC lines has been defined and functional analysis of the most highly expressed genes revealed processes relating to: 1) the regulation of apoptosis; 2) cell adhesion; 3) response to oxidative stress; and 4) regulation of cell differentiation. 6 Together these data suggest that feline MSCs are highly similar in their functional and, notably, immunomodulatory capacities to MSCs of other species. Feline MSCs largely mimic the immunomodulatory phenotype described for human, equine and canine MSCs -with a few notable differences. Numerous groups have demonstrated that feline MSCs inhibit activated T lymphocyte proliferation. 6, 7, 18, 19 Feline MSCs also reduce neutrophil production of reactive oxygen species. 20 The interaction of feline MSCs with other cells of the innate and humoral immune systems, including dendritic cells, monocytes, eosinophils, NK cells and B lymphocytes, and the mechanisms involved have not yet been detailed but will be important areas for future studies. 
Clinical applications of MSCs in feline disease
M S C c l i n i c a l t r i a l s f o r f e l i n e p a t i e n t s : g e n e r a l c o n s i d e r a t i o n s
Continued on page 211 Feline chronic gingivostomatitis FCGS is a severe, painful, inflammatory oral disease that is often refractory to treatment and is estimated to affect 0.7-12% of cats presenting to veterinary practices. [40] [41] [42] Clinical signs reflect oral discomfort, including inappetence, reduced grooming, weight loss and hypersalivation. FCGS can be debilitating and may result in euthanasia of severely affected cats. There is no cure and the current standard of care consists of full or near-full mouth tooth extraction and lifelong therapy with antibiotics, steroids and analgesics. 42 The pathogenesis of FCGS is complex and multifactorial, and may result from alterations in microbiota, loss of self-tolerance to antigens, alterations in innate immunity or underlying viral disease. 43, 44 Histologically, lesions in cats are characterized by lymphocyte-rich inflammation with a predominance of effector T cells and B cells. 40 Given the predominance of T cell activation in FCGS and the absence of a curative therapy, aMSCs have been utilized to treat FCGS in two clinical trials because of their potent ability to downregulate T cell activation. In both clinical trials, FCGS cats that were refractory to full mouth tooth extraction were enrolled. In addition, these cats had no known concurrent diseases (eg, feline immunodeficiency virus/feline leukemia virus negative). 18, 35 In each trial, seven FCGS cats received two intravenous (IV) injections of 2 x 10 7 aMSCs 3-4 weeks apart. In the first trial, the seven cats received autologous aMSCs; 18 in the second trial, the seven cats received unmatched, allogeneic aMSCs from SPF donor cats. 35 The outcome of these published studies, as well as other clinical trials, is summarized in the box below.
Clinical trials are ongoing and have expanded to include a multicenter investigation with a crossover design to ensure that control cats are recruited. Ongoing work includes: 1) pursuing mechanism of action and biomarker studies (focused on immunomodulation, and blood and lymph node CD4 and CD8 T cells); 6 2) refining clinical trial parameters to increase the therapeutic efficacy of aMSC infusion; 3) determining whether aMSCs can be used prior to full mouth tooth extraction; and 4) enrolling cats with concurrent diseases to determine efficacy in a broader range of diseased cats. Response rate for substantial improvement or complete cure after aMSC therapy was 64% (9/14 cats) for the two published studies described above, and the overall response rate is closer to 72% (unpublished data). No cats have regressed or relapsed after therapy -so therapy, if efficacious, appears to be curative (some cats are >4 years out since aMSC infusion). Clinical cure is associated with histopathologic resolution of T and B cell inflammation. The data to date suggest that autologous therapy may be slightly more effective, especially for the most severely affected cats, and that improvement/cure occurs more quickly after autologous cell infusion than after allogeneic cell infusion.
18,35
Figure 2 Feline chronic gingivostomatitis (FCGS) before (a) and after (b) administration of allogeneic adipose-derived MSCs (aMSCs)
. This castrated adult male domestic shorthair cat had a 2 year history of FCGS that was treated with intermittent ciclosporin therapy. Full mouth tooth extractions were performed 1.5 years prior to aMSC therapy. The cat received two doses of allogeneic aMSCs and had substantial clinical improvement within 6 months of therapy. It continued to be in remission at the time of writing 1.5 years later. 
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Airway remodeling, as represented by lung attenuation and bronchial wall thickening scores, was significantly decreased in MSC-treated cats at 9 months after five intravenous injections of allogeneic adipose-derived MSCs including airway eosinophilia and airway hyper-responsiveness. 30, 31 The first study involved administration of allogeneic aMSCs to cats in which asthma had been induced a relatively short time period before treatment. 31 A total of five IV injections of allogeneic aMSCs were administered (four cats) or saline placebo (two cats). Due to difficulties with expansion of cells to obtain adequate quantities for the study, the number of cells administered varied between 2 x 10 6 and 1 x 10 7 per cat; initially aMSCs were from cryopreservation and subsequently they were cultured fresh from cryopreserved adipose.
The second study assessed the effects of aMSC infusion on cats that had chronic experimentally induced asthma (induced 9 months prior to study initiation). 30 Cats were randomized to receive a total of six IV injections of fresh allogeneic aMSCs cultured from cryopreserved adipose (five cats) at a dose of 3.6 x 10 6 to 2.5 x 10 7 per cat (average 1.4 x 10 7 per cat) or saline placebo (four cats).
The results of these two clinical trials are described in the box below. 
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Chronic enteropathy Chronic enteropathies such as inflammatory bowel disease are common in cats and likely result from alterations in gastrointestinal mucosal immunity and loss of tolerance to intestinal antigens. 29, 45 Clinical management is typically lifelong and includes dietary therapy and corticosteroid administration. Patient and/or owner compliance can be a concern with chronic therapies and not all cats experience a treatment response. Therefore, alternative approaches are needed.
The efficacy of allogeneic aMSCs for the treatment of cats with clinical signs of chronic enteropathy (diarrhea and/or vomiting for >3 months) was assessed in a randomized, single-blinded, placebo-controlled clinical trial. 29 Two IV injections of 2 x 10 6 /kg aMSCs fresh cultured from cryopreserved adipose (seven cats) or saline placebo (four cats) were administered 2 weeks apart and cats were followed for 1-2 months. Owners answered a questionnaire at the beginning and end of the study about medications, supplements, diet, appetite and clinical signs, including quantification of the frequency and consistency of diarrhea, and the presence and frequency of vomiting. A Texas A&M gastrointestinal panel (feline pancreatic lipase immunoreactivity, feline trypsin-like immunoreactivity, folate and cobalamin) was performed at the beginning of the study and 2 weeks after the second injection. No other changes in diet or medications were allowed during the study period. Results of the trial are reported in the box below.
Kidney disease
A series of pilot studies assessing the safety and efficacy of administration of MSCs for treatment of cats with CKD has been conducted. [24] [25] [26] The first MSC study in cats with CKD was designed to assess the safety and feasibility of autologous intrarenal MSC therapy. 24 Six cats (two healthy, four with CKD) received a single unilateral intrarenal injection of autologous bMSCs or aMSCs via ultrasound guidance. Two IRIS stage 3 CKD cats that received aMSCs experienced modest improvement in glomerular filtration rate (GFR) and a mild decrease in serum creatinine concentration. Intrarenal injection of MSCs did not induce immediate or longer term adverse effects but it was concluded that the number of sedations and interventions required to implement this approach made it unattractive for clinical application. In the course of conducting this study it was also determined that expanding sufficient numbers of autologous MSCs in culture from elderly diseased patients was very difficult and time-consuming. A more recent study in which one healthy cat received an intrarenal injection of amniotic-derived allogeneic MSCs documented hematuria and significant stress as a result of the procedure, and this study also determined the technique not to be clinically feasible. 28 The feasibility of IV administration of allogeneic aMSCs to cats with CKD has also been investigated. 25 Stable CKD cats with no concurrent illness were enrolled in a series of pilot studies and received every 2 weeks an IV infusion of allogeneic aMSCs collected and cryopreserved from healthy young SPF cats. Six cats in pilot 1 received 2 x 10 6 cryopreserved aMSCs per infusion, five cats in pilot 2 received 4 x 10 6 cryopreserved aMSCs per infusion, and five cats in pilot 3 received 4 x 10 6 aMSCs cultured from cryopreserved adipose. Cats in pilot 1 had few adverse effects from the aMSC infusions and there was a statistically significant decrease in serum creatinine concentrations during the study period. However, the degree of decrease was judged not to represent a clinically relevant improvement.
Notably, adverse effects of aMSC infusion were observed in the majority of cats enrolled in the second pilot study following treatment with MSCs taken directly from cryopreservation. Vomiting occurred in 2/5 cats during infusion, and increased respiratory rate and effort was noted in 4/5 cats. In contrast, cats in pilot study 3 that received aMSCs cultured from cryopreserved adipose did not experience any adverse side effects. Serum creatinine concentrations, urinary cytokines and GFR did not change significantly in cats in Therapy with aMSCs has appeared well tolerated and potentially effective for palliation of chronic enteropathy in cats, and additional study is warranted.
Two weeks after the second aMSC injection, no improvement was noted in the aMSC-treated group; however, improved clinical signs were observed by owners in 5/7 aMSC-treated cats at the 1-2 month follow-up. No improvement was seen in cats receiving the saline placebo at the 1-2 month follow-up. It was concluded that aMSC therapy appeared well tolerated and potentially effective for palliation of chronic enteropathy in cats, and additional study is necessary and warranted.
Chronic enteropathy clinical trials -what to conclude
these latter two studies. Based on the accumulated results of the three pilot studies, it appeared that use of higher doses of aMSCs taken directly from cryopreservation was the source of the treatment-related adverse effects. The most likely explanation for this reaction is an instant blood-mediated inflammatory reaction, which results in clumping of the cells as they contact the blood and potential subsequent micropulmonary thromboembolism. 46 A placebo-controlled, blinded, one-way, crossover clinical study assessing the efficacy of allogeneic MSCs expanded from cryopreserved adipose with repeated administrations has also been performed. 26 Four cats were randomized to receive 2 x 10 6 aMSCs/kg intravenously at 2, 4 and 6 weeks and three cats were randomized to receive saline placebo. While administration of aMSCs was not associated with adverse effects, significant improvement in renal function (as determined by serum creatinine and GFR by nuclear scintigraphy) was not observed in the weeks following administration.
The IV administration of allogeneic MSCs derived from amniotic membrane has been assessed in nine cats with CKD that received two injections of 2 x 10 6 MSCs 21 days apart.
28
One cat experienced vomiting during the first administration, but otherwise the MSCs were well tolerated. A statistically significant but mild decrease in serum creatinine was seen, with stable body weight over the course of the study. Mild improvements in proteinuria and urine specific gravity were also seen. However, studies with a control group are necessary to determine if changes are attributable to MSC therapy or normal variation in values. Application of aMSCs for acute kidney injury (AKI) in an ischemic kidney model has also been investigated. 27 Adult research cats underwent unilateral renal ischemia for 60 mins. One hour after reperfusion, 4 x 10 6 of one of the following cell types were administered via jugular catheter: aMSCs (five cats), bMSCs (five cats) or fibroblasts (five cats). Three historical control cats that had previously undergone ischemia as part of this model were used for comparison. No difference in the percentage of cats that developed AKI and no difference in urine specific gravity, proteinuria, GFR or histopathology were noted as a result of MSC administration in this model.
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